Enteropathogenic Escherichia coli (EPEC) is an important cause of both acute and persistent infantile diarrhea, especially in developing countries (27) . EPEC organisms colonize the small intestine, producing a characteristic attachingeffacing lesion in which enterocyte microvilli are destroyed, and bacteria adhere to the apical surface of the cell (28) in pedestal structures resulting from deformation of the plasma membrane (17) . Although EPEC does not cause diarrheal symptoms generally associated with invasive enteropathogens, there is evidence that a small number of bacteria associated with target cells are internalized (9, 10) by a process dependent on microtubules (11) , possibly endocytosis triggered by extensive damage to epithelial cells after prolonged infection. Human volunteer and animal studies indicate that the ability of EPEC to cause diarrhea correlates with attaching-effacing lesion formation (20, 24, 31) . Ultrastructural changes are assumed to be mediated directly by intimate bacterial contact with the cell surface, since EPEC produces no recognized enterotoxins (18, 20, 27, 32) . We previously showed that adherence of lesion-forming EPEC to cultured cells causes localized elevation of cytoplasmic calcium by release from intracellular stores (5) and stimulates phosphorylation of several proteins (3), of which the major species is myosin light chain (21) . The kinase primarily responsible for this is the calcium-calmodulin-dependent enzyme myosin light chain kinase (13, 15) , although there is evidence that at least one isozyme of the calcium-phospholipid-activated protein kinase C family may also be involved, possibly in the early stages of infection (3) . These data are consistent with a model in which calcium plays key roles in the destruction of cytoskeletal integrity (12, 23) and substantial accretion of actomyosin at sites of bacterial attachment (1, 13, 22, 25) . However, as yet there is no direct evidence that calcium-dependent processes are important in the development of attaching-effacing lesions in cells infected with EPEC.
Since infection is a dynamic process of bacterial growth and reattachment to host cells, it is likely that prolonged * Corresponding author. calcium elevation, possibly in conjunction with continued kinase activity, would inevitably lead to accumulation of irreversible damage and eventual cell death (19) . To determine the effect of EPEC infection on target cell viability, HEp-2 cells were grown at 37°C in 5% CO2 on glass coverslips in Dulbecco's modified Eagle medium containing 10% fetal calf serum (16) . Monolayers were infected with 10' bacteria grown in Luria broth containing 0.2% glucose and incubated at 37°C for up to 9 h with medium changes every 2 h. Cell viability was determined by two staining protocols, VOL. 61, 1993 on November 6, 2017 by guest http://iai.asm.org/ Downloaded from one involving a mixture of acridine orange and ethidium bromide, which are actively taken up and excluded, respectively, by live cells (6, 26) , the other using rhodamine 123, which specifically stains active mitochondria (14) . Infection of HEp-2 cells with lesion-forming EPEC E2348-69 (serotype 0127:H6) or 2036-80 (0119:H6) (16) resulted in a significant loss of cell viability, as judged by loss of metabolic activity, with multiple-hit kinetics suggestive of accumulation of lethal damage in target cells (Fig. 1) . Identical results were obtained when extracellular calcium was chelated by the addition of ethylene glycol-bis-(,-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA, 4 mM) to the medium (data not shown), indicating that the observed effects were not due to influx of calcium from the external milieu. In contrast, there was no loss of metabolic activity in HEp-2 cells infected with laboratory strain HB101 containing EPEC plasmid pMAR15 (2), which exhibits nonintimate, possibly fimbrial adherence but does not induce attachingeffacing lesions (16) .
Viability was also determined in EPEC-infected HEp-2 cells in which intracellular free calcium was complexed with the calcium chelator bis-(o-aminophenoxy)-ethane-N,N,N', N'-tetraacetic acid (BAPTA) (30) . Cells were incubated with the acetoxymethyl ester BAPTA/AM (1 ,uM, Calbiochem) for 1 h prior to infection; this compound enters the membrane of eukaryotic cells and is cleaved by cellular esterases to generate the free acid, which is then able to chelate calcium. HEp-2 cells treated in this way showed a markedly delayed onset of cell death after infection with EPEC 2036-80 (Fig. 1) . The subsequent loss of viability of infected cells loaded with BAPTA was probably due to the cytolethal effect of prolonged intracellular calcium buffering, since even uninfected cells loaded with BAPTA began to round up and lose viability after about 5 h.
Actin accretion in pedestal lesions at sites of EPEC adherence to HEp-2 cells was monitored microscopically by the fluorescent-actin staining technique (16) . Briefly, EPECinfected HEp-2 cells were fixed in 3% formaldehyde, permeabilized with 0.1% Triton X-100, and stained for filamentous actin with fluorescein-conjugated phallotoxin (phalloidin). Compared with the readily observable lesions formed after 3 h of incubation with strain 2036-80 ( Fig. 2A) , much-lessintense, more-diffuse signals (Fig. 2B) , indicating partial inhibition of actin accretion, resulted from treatment of HEp-2 cells with dantrolene (8) to inhibit calcium-dependent calcium mobilization from intracellular stores. A reduction in localized actin polymerization was also observed when intracellular free calcium was chelated by BAPTA (30) (Fig.  2C ). These diffuse lesions are reminiscent of prolesions detectable in the early stages of normal infections. Killing of adherent bacteria with streptomycin (370 ,ug/ml, 10 min) at this stage did not allow dissipation of accumulated actin during continued incubation for up to 24 h (data not shown). Treatment of HEp-2 cells with the calmodulin inhibitor compound 48/80 (7) prior to infection completely prevented actin accretion (Fig. 2D) , indicating the involvement of calcium-calmodulin-dependent processes in lesion formation. On the other hand, the addition of EGTA to the medium to inhibit uptake of exogenous calcium had no effect on actin accretion (Fig. 2E ). This suggests that uncontrolled influx of extracellular calcium, similar to that induced by the pore-forming toxin of enteroaggregative E. coli (4) , is unlikely to be an important feature of the pathogenesis of EPEC.
We have previously demonstrated calcium-calmodulindependent phosphorylation of myosin light chain in EPECinfected intestinal cells and the association of myosin and actin in a stable complex in the cytoplasm beneath sites of bacterial adherence (22) . The data presented here clearly demonstrate that actin accretion and loss of cell viability are also calcium-dependent processes, not necessarily causally related, but probably both associated with localized elevated intracellular calcium concentrations in the vicinity of attached bacteria (5) . Direct histopathological studies of diarrhea caused by EPEC certainly confirm extensive intracellular damage in heavily colonized intestinal mucosal cells (29) , with significant atrophy of villi in persistent cases (28, 31) . A coincident loss of viability of such damaged enterocytes, as reported here, may explain the marked persistence of diarrhea caused by EPEC in infants.
